Zinc oxide is a wide bandgap semiconductor with potential applications in optoelectronic devices. The greatest challenge for these applications, however, remains the fabrication of reliable and stable p-type ZnO thin films. Here we report stable phosphorus-doped p-type ZnO thin films grown on (0001) sapphire substrates by pulsed laser ablation. While as-deposited films all show n-type conductivity, films grown at 600°C become p-type after annealing in oxygen atmosphere with a resistivity of 4.9 × 10 1 X cm, a Hall mobility of 1 cm 2 V -1 s -1 , and a hole concentration of 1.3 × 10 17 cm -3 . Such p-type films have been stable under ambient conditions for 16 months so far without apparent degradation. Transmission electron microscopy reveals that the p-type films consist of a high density of dislocations, which enhance both the solubility of phosphorus and the formation of Zn vacancies to facilitate the n-to-p conversion of electrical conductivity. These studies provide microscopic evidence of the amphoteric nature of the phosphorus dopant in ZnO. There has recently been an increasing interest in ZnO for applications in optoelectronics such as light emitting diodes, ultraviolet (UV) lasers, and UV light detectors because of its wide bandgap (3.37 eV). In comparison with GaN, ZnO has some obvious advantages for optoelectronic applications due to the availability of single crystal substrates, relatively low growth temperatures (T G ), and a large exciton binding energy (∼ 60 meV).
Zinc oxide is a wide bandgap semiconductor with potential applications in optoelectronic devices. The greatest challenge for these applications, however, remains the fabrication of reliable and stable p-type ZnO thin films. Here we report stable phosphorus-doped p-type ZnO thin films grown on (0001) sapphire substrates by pulsed laser ablation. While as-deposited films all show n-type conductivity, films grown at 600°C become p-type after annealing in oxygen atmosphere with a resistivity of 4.9 × 10 1 X cm, a Hall mobility of 1 cm 2 V -1 s -1 , and a hole concentration of 1.3 × 10 17 cm -3 . Such p-type films have been stable under ambient conditions for 16 months so far without apparent degradation. Transmission electron microscopy reveals that the p-type films consist of a high density of dislocations, which enhance both the solubility of phosphorus and the formation of Zn vacancies to facilitate the n-to-p conversion of electrical conductivity. These studies provide microscopic evidence of the amphoteric nature of the phosphorus dopant in ZnO. There has recently been an increasing interest in ZnO for applications in optoelectronics such as light emitting diodes, ultraviolet (UV) lasers, and UV light detectors because of its wide bandgap (3.37 eV). In comparison with GaN, ZnO has some obvious advantages for optoelectronic applications due to the availability of single crystal substrates, relatively low growth temperatures (T G ), and a large exciton binding energy (∼ 60 meV). [1] Optically pumped excitonic lasing of ZnO thin films at room temperature (RT) has been reported. [2, 3] Lasing effects in ZnO nanowire arrays have been demonstrated, [4] and electroluminescence (EL) has been observed at room temperature in thin-film ZnO homojunctions. [5] [6] [7] Although p-type ZnO thin films were reported by several groups, they showed high resistivity and/or poor stability and reproducibility. Thus, the greatest remaining challenge for ZnO optoelectronics is the reproducible fabrication of stable p-type ZnO thin films. Like many other II-VI semiconductors, ZnO has asymmetric doping limits: [8] it can be easily doped n-type, [9] but remains strongly resistant to p-type doping. [10] Though nitrogen is theoretically the most promising acceptor for ZnO, its low solubility and compensation by donors such as hydrogen [11] and Zn interstitials [12] are major obstacles.
As alternatives to N, larger-size group V elements such as P, As, Sb and Bi have been widely studied. Puzzling observations of p-type conductivity in such materials have stimulated theoretical investigations into the electronic structure of the defects induced by P, As or Sb in ZnO. Limpijumnong et al. [13] predicted that under oxygen-rich growth conditions, a complex involving a group V antisite and two zinc vacancies (V Zn ) would have a low formation energy, and behave as a shallow acceptor with an ionization energy of 150-160 meV. Lee et al. used the same concept to study phosphorus complexes in ZnO. [14] One of the most important conclusions from these studies is that such group V dopants are amphoteric-acting as a donor as an isolated antisite impurity, but as an acceptor when forming a complex with two V Zn . Although p-type conductivity has been reported, [15] [16] [17] little microscopic information on phosphorus and its related defect complex responsible for the p-type conductivity, has emerged. In this work, we report the fabrication and characterization of stable p-type ZnO films by pulsed laser deposition. We studied microscopic defects induced by phosphorus doping of ZnO and determined the growth and annealing temperatures at which p-type ZnO films can be reproducibly fabricated. The best experimental condition for p-type ZnO is determined to be T G = 600°C, followed by annealing at T A = 600°C in O 2 gas. The onset of good p-type conductivity is always accompanied by a considerable increase in the density of dislocations, as revealed by transmission electron microscopy (TEM) studies. Meanwhile, secondary ion mass spectroscopy (SIMS) reveals a significant increase in the solubility of phosphorus. These results suggest that T G and T A control the density of dislocations, which in turn controls the solubility of phosphorus. Furthermore, as gettering centers for zinc interstitials, the dislocations also facilitate the formation of zinc vacancies for P Zn -2V Zn acceptors. Our physical insights further allow for the fabrication of P-doped ZnO homojunctions with impressive rectifying characteristics by adjusting only T G and T A during processing.
The room temperature electrical properties of different ZnO films are summarized in Table 1 . As-deposited P-doped ZnO (PZO) films show n-type conductivity and are more con-ductive than the corresponding undoped films. PZO films deposited at 800°C have excellent n-type properties with a resistivity of 3.6 × 10 -2 X cm, a . Table 2 shows the comparison of the Hall-effect data measured from a p-type film showing the stability of the electrical properties. The first row shows the distribution of Hall measurements averaged over a period of one month. The second row shows the electrical properties of the same sample measured a year and a half later. It is worth mentioning that the latter results fall within the distribution of the initial results.
The phosphorus concentration profiles in PZO deposited at 600 and 800°C were determined by SIMS measurements. A phosphorus-implanted ZnO sample was used as reference. It was found that P distributes uniformly (3.5 × 10 20 cm -3 ) in p-type films grown at 600°C. Compared with the nominal doping of the target, this concentration corresponds to a transfer of only 17 % of the phosphorus from the target to the film. The hole/dopant concentration ratio of 3.7 × 10 -4 is consistent, to within one order of magnitude, with the measured acceptor activation energy of 150 meV (see below), which yields a ratio of 2.5 × 10 -3 at RT. On the other hand, the P concentration in ZnO decreases rapidly when T G increases. In particular, at T G = 800°C, there is a significant segregation of P to the film surface, where the dopant concentration is as . The microstructures of the PZO films were characterized by x-ray diffraction (XRD) and TEM. No impurity phases were found in any of the films. The tilt angles were determined by a Hall-Williamson analysis [18] and the twist angles were determined by x-scans of off-axis planes in the skew symmetric diffraction geometry. Table 3 summarizes the average mosaic angles and threading dislocation densities. The tilt angle corresponds to the out-of-plane lattice bending caused by screw-type dislocations or partial dislocations (with a density of Ns) associated with stacking faults with a displacement vector along the c-axis, while the twist angle corresponds to the in-plane angular rotation, which is mainly caused by threading dislocations (with a density of Ne), according to our cross-sectional TEM studies. The significant increase of both tilt and twist angles with P doping indicates the degradation of the film crystallinity, which agrees with previous studies of PZO. [19] Both the f-scans and pole figures were taken for all the phosphorus-doped ZnO films. All films studied in this work were grown epitaxially on the substrate without rotational domains. The in-plane orientation of the ZnO film with respect to the sapphire substrate is ZnO-[100] ʈ Al 2 O 3 -[210]. The vertical line defects in Figure 1a and b are dislocations which originate from the film/substrate interface due to a large lattice mismatch (16.8 %) between ZnO and sapphire and thread to the film surface. It is worth noting that the TEM images of the PZO films at 800°C (Fig. 1a) and undoped ZnO films at 600°C show similar densities of dislocations. Figure 1b shows the microstructure of a p-type PZO film at 600°C. It is evident from Figure 1b that there exists a high density of threading dislocations throughout the film. Besides the lattice mismatch, the low mobility of substitutional phosphorus atoms at the (relatively low) growth temperature of 600°C could also contribute to the dislocation density, as we have found that the densities of phosphorus dopant and dislocations are directly correlated. The results in Figure 1a and b are in consistence with the results of XRD in Table 3 . Figure 2a is a high-resolution TEM (HRTEM) image showing the atomic structure of the interface between the PZO film grown at 600°C and the sapphire substrate. Although not shown, all the films being studied form atomically sharp interfaces with the substrate, as determined by the HRTEM study. In addition to the threading dislocations in Figure 1b , a high density of partial dislocation loops associated with nano-sized stacking faults also exists in the 600°C films, as can be seen in the representative HRTEM image in Figure 2b . These defects are expected to form via the condensation of point defects such as zinc interstitials (and oxygen vacancies). [20, 21] Thus, we can attribute the high P solubility in 600°C films to the existence of a high density of dislocations, which prevent the buildup of strain induced by the P substitution of Zn (the atomic radius of P is 1.06 Å, whereas that of Zn is 1.25 Å). In the theoretical P Zn -2V Zn model for p-type PZO, Zn vacancies play the key role for the conductivity type conversion from n to p. Our observation of dislocation loops with a high concentration here suggests that they facilitate the formation of Zn vacancies by an out-diffusion of Zn interstitials from their cores, as well as the elimination of residual donors such as Zn interstitials and oxygen vacancies by similar outdiffusion processes. Figure 3a shows the photoluminescence (PL) spectra at 6 K. Undoped ZnO grown at 600°C [spectrum (i)] has a near band edge (NBE) luminescence dominated by two strong excitonic recombination lines at 368.2 and 368.9 nm due to bound excitons associated with neutral donors (DX). The analysis of the associated two-electron transitions gives two donor activation energies of 30 and 55 meV. There are no obvious differences in the PL spectra of undoped ZnO and ntype PZO grown at 800°C [spectrum (ii)], consistently with the TEM results, except that only one donor-bound exciton 3 . a) PL spectra at 6 K of (i) undoped ZnO grown at 600°C, (ii) ntype PZO grown at 800°C, (iii) as-grown PZO at 600°C, and (iv) p-type PZO grown and annealed at 600°C. b) Arrhenius plot of the integrated PL intensity of the 371.5 nm line. The circles are the experimental data points and the solid line is the fit.
could be resolved in n-type PZO. Temperature-dependent studies of the DX line in the n-type PZO film gave a donor activation energy E D = 35 meV. Using this value, we calculated a yield of exp ÀE D kT = 2.5 × 10 -1 assuming no compensation.
However, from Hall-effect and SIMS measurements, we determined the ionization yield to be n/[P] = 5 × 10 -2 . This ionization yield is significantly less than 2.5 × 10 -1 , suggesting compensation of the free carriers. In contrast, PZO samples grown at 600°C [spectrum (iii)] show a significantly quenched and broadened NBE luminescence due to the high density of nonradiative defects induced by phosphorous doping. In addition, the luminescence is redshifted from 368.2/368.9 nm to about 369.5 nm, possibly due to the deformation potentials created by phosphorus. After annealing, the shoulder observed in as-deposited samples near 371.5 nm becomes dominant in p-type PZO [spectrum (iv)]. The temperature dependence of its energy position was found to follow the semi-empirical Varshni equation, [22] ET E0 À a
, where E(0) = 3.346 eV, a = 6 × 10
, and b = 300 K. It should be noted that this temperature dependence does not follow that of the DX, thus excluding the possibility that the 371.5 nm line is a two-electron transition associated with a shallow donor. The temperature dependence of the integrated intensity of the 371.5 nm line (Fig. 3b ) was fitted to
The localization energy E 1 corresponds to the activation energy driving the quenching of the transition at low temperature. From the fitting of the data measured between 20 and 80 K, E 1 = (15.0 ± 2.3) meV was obtained. The existence of acceptor-bound excitons in ZnO is still under debate and their identification requires further studies. A localization energy of 15 meV is close to that of the I 6 transition that has been assigned to Al. Though heavy doping results in p-type conductivity, the sample is heavily compensated, making it difficult to determine the nature of the 371.5 nm transition unambiguously. Assuming a proportionality constant of 0.1 between the exciton binding energy and the acceptor activation energy E A , [23] we obtain E A = (150 ± 20) meV. This result is in good agreement with density functional theory predictions. [13] By employing an n-type layer grown at 800°C and a subsequent p-type layer grown at 600°C followed by thermal annealing in oxygen, a p-n homojunction was fabricated on both sapphire and resistive single crystal ZnO substrates. Figure 4 shows the I-V characteristics of the n-type layer (curve a), p-type layer (curve b) and p-n junction (curve c), exhibiting the clearly defined rectifying behavior of the p-n junction. By fitting the linear segment of the curve under positive bias, we obtain a turn-on voltage of ∼ 5.5 V and an ideality factor of 1.7 ± 0.2. The junction has a breakdown voltage of 13 V with a leakage current that increases slightly under increasing reverse bias. In order to study the stability of the junction, the I-V curves across the homojunctions were measured after four and eight months (curves d and e). The measurements show that the p-n junction behavior has not changed in the eight-month period. Despite the excellent I-V characteristic and stability of the junctions, no EL could be observed at room temperature. There are several issues that may prevent the p-n junction from emitting photons. First, there is a tradeoff between hole depletion in the p-type PZO film, when its thickness is less than the Debye length, and EL quenching due to the re-absorption or scattering of photons if the layer is too thick. Second, defects at the p-n junction interface may seriously degrade the active region and act as leakage paths. Finally, the mobility of dislocations upon application of a bias may also degrade the p-n junction, as observed in ZnSe-based devices. Thus, the challenges due to the large density of the dislocations and interfacial defects must be dealt with for any ZnO-based optoelectronic devices.
In conclusion, we have successfully fabricated stable p-type epitaxial ZnO thin films and p-n homojunctions with good rectifying behavior by phosphorus doping. This work provides an experimental proof to the amphoteric doping nature of phosphorus in ZnO. The conductivity of our P-doped films can be tuned to either n-or p-type via control of the growth and annealing temperatures, as the growth and annealing conditions control the microscopic quality of the films. Good p-type conductivity is always associated with a considerable increase in the density of dislocations and a significant increase in the solubility (and uniformity in the distribution) of the phosphorus dopant. While the formation of threading dislocations helps the solubility of phosphorus, the formation of dislocation loops during film growth provides a mechanism for zinc vacancy injection and sinks to quench the residual donors in ZnO such as oxygen vacancies and zinc interstitials.
Experimental
Phosphorus-doped ZnO films were fabricated on (0001) sapphire substrates using pulsed laser deposition. Results presented here are solely for films with a thickness of ∼ 0. 
